A constant-temperature heated-film anemometer system has been adapted for the detailed study of in-vivo aortic velocity fields. Two types of sensing probes were developed: a velocity probe and a velocity-gradient or fluid shear stress probe. These probes were evaluated for steady and pulsatile flow in rigid circular tubes using both a glycerin-water mixture and blood. Measurements using both devices agreed closely with the values predicted by well established theory. Moreover, the integrated velocity profiles that were measured correlated well with the simultaneously recorded flow values using orifice meter and electromagnetic flowmeter techniques. In-vivo studies were made along the thoracic aortas of anesthetized dogs and pigs. Velocity measurements along the aorta indicated that the velocity profiles are blunt. The flowpulse forms obtained by the heated-film technique in vivo were also similar in magnitude and contour to those obtained simultaneously from an electromagnetic flowmeter. Fully developed turbulent flow was not observed; however, occasional "eddy" turbulence occurred in the aortic arch of dogs weighing less than 30 kg. Preliminary measurements indicate that peak wall-shear stresses reach values that are approximately one-third that of the endothelial yield stress.
• A number of important questions have arisen in the field of circulatory physiology which can only be answered from detailed measurements of the blood velocity distribution across the vessel lumen. For example, recent work has demonstrated that the endothelial surface is sensitive to adjacent hydrodynamic events. It has been shown that endothelial cells have a yield stress of about 350 to 400 dynes/cm 2 . Exposure to a shearing stress in excess of this for periods of only 1 hour will cause severe endothelial damage (1) . In chronic studies, exposures to shearing stresses considerably less than this will cause marked endothelial proliferation and distortion of the subjacent fibrillar architecture and also occasional subendothelial lipid deposition. It can be concluded that an increased shearing stress on the endothelial surface is an important factor in the production of endothelial pathology in the studies cited. Since these increased shearing stresses were produced in various experimental preparations, the question remains as to whether stresses such as these ever occur in the normally functioning vascular bed. This information can only be obtained from detailed study of the blood velocity fields in the regions of naturally occurring boundaries or in scaled models of such boundaries.
Until now techniques for obtaining this crucial information had not been developed. Similar problems have been solved in the field of Circulation Research, Volume XXlll, December 1968 789 engineering using the hot-wire anemometer. Engineering needs have led to the progressive improvement of this technique, which has resulted finally in the development of the constant-temperature heated-film anemometer (2) . The salient advantages of the heated-film velocity-sensing device are 1) fast dynamic response, 2) extreme miniaturization, 3) insensitivity to hydrodynamic stresses, 4) high signal-to-noise ratio, and 5) the probes can be made in many different shapes for specific applications. It is the purpose of this paper to describe a constanttemperature heated-film anemometer system which has been adapted for biological use; specifically for studying the detailed structure of the flow fields in blood vessels, i.e., the velocity profiles, secondary flows, turbulence, wall shear, and phase velocity of propagated waves.
Although the application of heated-film anemometry to the study of blood flow is new, the basic instrument is essentially the same as that developed for use in water and in conductive sea water (3) . Therefore, no attempt will be made to present a detailed analytical treatment of the method, except to give a descriptive working concept of the instrument.
INSTRUMENT: WORKING CONCEPT AND PERFORMANCE CHARACTERISTICS
The instrument consists of a sensing ele-ment mounted on a probe and the supporting electronics. The sensing element is a microscopic strip of metallic film such as platinum, which has a high thermal coefficient of resistivity. The film is fused to the surface of a dielectric substrate under high temperature. The substrate is usually made of glass and serves as a rigid support for the metallic film ( Figs. 1 and 2) . The film is maintained at a preset constant temperature (or resistance) above the ambient by an automatic control circuit which passes an electrical heating current through the film. Any fluid flow in the vicinity of the film will tend to increase the heat flux from the sensor. Therefore, the heating current can be calibrated as a function of the flow field. The functional relationships between this heating current and the target flow variables, such as local fluid velocity and velocity gradient or shearing stress at the wall, are nonlinear (4, 5) . These nonlinear characteristics are not convenient for practical application; hence, a matching nonlinear function generator was used to convert the signal into an output voltage which is linearly related to the corresponding target variables. Thus, knowledge of the exact functional relationship between the heating current and the particular target variable is unimportant in the practical use of the device, whereas, a careful calibration
FIGURE 1
Cone-type probes for velocity measurement. Surface-type probe for wall-shear measurement.
technique for each probe and fluid is of paramount importance. The details of this procedure are discussed under calibration techniques.
The dynamic response and stability of the system are limited by the heat-exchange characteristics of the sensor. The dynamic response of the sensor is related to the thermal capacity of both the sensor and the fluid around the sensor. If these thermal capacities are large, the dynamic response of the system will be poor. Under an ideal constanttemperature mode of operation (electronic feedback-control), the dynamic exchange or storage of heat between the sensing film and the substrate becomes negligible. The thermal capacitance of the fluid field is not susceptible to constant-temperature control; however, since the thermal boundary layer developed over the small sensing element is exceedingly thin (4), the effect of the thermal capacity of the adjacent fluid can also be negleGted, For a comprehensive treatment of this problem the reader is referred to the work of Lighthill (6) . The over-all dynamic response of the sensor is typically uniform from 0 to 10 kilocycles/sec at a mean velocity of 100 cm/sec. The range of dynamic response will increase or decrease with corresponding increase or decrease in flow velocity.
In considering the dynamic response of the probe, it is also necessary to consider the spatial resolution of the sensor. Spatial resolution is related to the ratio of the physical size of the sensing element to the spatial length of the velocity waves along the direction of Circulation Research, Volume XXI11, December 1968 flow. To avoid undue spatial averaging, the width of the sensing element in the direction of flow should be made no larger than one-sixth of the smallest velocity waves to be detected. Problems of fabrication limit the minimum width of the present elements to about 0.1 mm. Therefore, the smallest turbulent velocity waves that can be resolved accurately by the present system are about 0.6 mm. This seems adequate for studying turbulence in the vascular system.
The gain stability and baseline stability of the instrument are affected by two main factors: 1) deposition of fibrin on the heated film, and 2) variation in the temperature of the blood. The effect of fibrin deposition was minimized by placing the heated-film element in a high velocity zone of the probe form, i.e. away from the stagnation zone, so that it tends to be self-cleaning. Furthermore, the formation of clots over the sensor is minimized by limiting the temperature of the heated film ioJ 5°C above, the ambient temperature and the electrical potential across the film to less than 1 v. Within these operating ranges and with constant blood temperature, long-term stability of the sensor for periods of over an hour has been demonstrated. As would be expected, the sensitivity of the instrument depends on ambient temperature. Therefore, changes in ambient temperature during the experiment will cause a change in the sensitivity of the instrument. It was found that a change of 1°C can produce a change in sensitivity of about 13%. Therefore, for the present application frequent calibra-tion checks and close temperature control are important. An instrument with automatic compensation for change in ambient temperature is under development.
DESIGN CONSIDERATIONS OF THE PROBE
Two basic types of heated-film sensors have been developed which may be referred to generally as the "cone type" and the "surface type." These are shown in Figures 1 and 2 . The cone-type probes are used for the survey of velocity profiles, turbulence, and secondary flow; the surface-type probe is used for the measurement of wall shear. All sensors are mounted on the tips of no. 20-gauge (0.8 mm o.d.) hypodermic needles. The glass substrate for the film is cut and polished into various geometrical forms. A strip of platinum film about 0.1 mm wide by 0.3 mm long is then fused under high temperature onto the polished surface. The film is further connected electrically by two platinum electrodes which are brought out coaxially through the hypodermic needle. The electrical resistance of the film can be made to any desirable value by varying its thickness. For the present work, a standard of 6 ohms is adopted for all probes.
There are two types of cone probes, type 1 and type 2 as shown in Figure 1 . Type 1 has a strip of film running diametrically over the rounded apex of the glass cone. In use, it is inserted perpendicularly through the aortic wall. The directional sensitivity for this type of probe follows nearly the cosine-law which makes it useful for the detection of flow direction as would be important in the case of secondary flow. The sensor is most sensitive when the flow is directed normal to both the long axis of the heated-film and the axis of the probe; hence, by rotating the probe about its axis and by a signal-peaking technique one can detect the principal flow axis both in a steady and in a periodic pulsatile-flow field. The type-1 cone probe can also be used for the accurate determination of the phase velocity. In this technique, two cone probes are placed about 5 cm apart, and the time delay between the two detected signals provides an accurate measurement of the appar-ent phase velocity of the traveling waves.
In a very large flow field, a type-1 probe could be used to map the velocity field. However, in a blood vessel, the diameter of the probe is sufficiently great that it forms a significant obstruction to flow particularly when it is fully inserted. For a typical arterial cross section of 1 to 2 cm2, a reduction of flow area from 10% to 7% respectively is caused by the full insertion of a 20-gauge probe. Thus, with an increase in the depth of insertion, there is a corresponding increase in the local flow velocity which is detected by the sensor. If this probe is used for velocity mapping, then it is necessary to use a proper correction on the measured data for this decrease in available conduit area. Because of this problem, the type-1 cone probe has been replaced by the type-2 probe for the measurement of velocity profiles.
The type-2 cone probe is used mainly for the measurement of velocity profiles in relatively small tubes such as blood vessels. This probe differs from the type-1 probe, both in the placement of the platinum film on the apex as well as in its mode of insertion. Instead of running across the apex of the glass cone, the platinum film on these probes is placed 20° away from the apex as shown in the center of Figure 1 . Moreover, this probe is not inserted perpendicularly to the vessel wall, instead it is inserted at a fixed angle of 70° with respect to the aortic wall. This angular approach reduces the local obstruction to the flow to about 1.5? for depths of insertion greater than 2 mm. This probe has the same bidirectional sensitivity as the type-1 cone probe, except that the sensitivity in each direction is not quite the same due to asymmetry of the probe associated with the angular insertion. Because of this asymmetry, a separate calibration is required for each of the two flow directions. Due to the 70° traverse, the measurements are no longer taken in the same cross section. Therefore, to reconstruct the velocity profile accurately, a small correction has to be applied to the measured data to compensate for the time delay due to the apparent phase velocity of the pulsatile waves.
Since the apparent phase velocity of the pulsatile flow can be measured accurately as described earlier, there is no technical difficulty associated with this method.
Both types of cone probes are incapable of accurate measurement of the velocity field closer than 0.5 mm from the vascular wall. This is because of the large velocity gradient found near the vascular wall which causes not only an error in the calibration of the sensor but also makes the accurate positioning of the sensor very critical. The inherent radial pulsation of the vascular wall, which is of the order of a fraction of 1 mm, further compounds the problem. Therefore, the longitudinal velocity field close to the vascular wall was determined best by the direct measurement of the velocity gradient at the wall using the surface-type probe shown in Figure 2 . For this case, the heated-film sensor is mounted flush with the beveled end of a hypodermic needle. The probe is inserted into the artery at a very shallow angle so that its end is nearly flush with the endothelial surface. Since unlike velocity, the velocity gradient is quite uniform in the vicinity of the boundary, this measurement will be less sensitive to small radial displacements of the probe with respect to the wall provided these displacements are small compared to the thickness of the boundary layer. The boundary layer in the larger vessels will meet these conditions in most situations.
For the present series of studies all probes are inserted locally through the vascular wall using plastic collars, which are lightly clamped around the aorta as shown in Figures 1 and 2 , to serve as precision jigs for the probes as well as stable reference for the micrometers.
CALIBRATION TECHNIQUES
As mentioned earlier, a proper calibration of each probe is essential before and after each study using a sample of the same fluid at the same temperature under which the measurements were taken. The probes may be calibrated in either a steady-or an oscillatingflow field of known velocities. Although either method can be used for calibration, the oscil-Circuldion Research, Volume XXIII, December 1968 lating-flow calibration-technique has a number of advantages. These are:
1. The volume of blood required is less than 100 ml.
2. The oscillating-flow field was more predictable than that of the steady-flow system.
3. The zero-level reference is more positively determined.
4. Accurate temperature control is more easily achieved.
5. The oscillating-flow system produced less red blood cell damage.
Therefore, the oscillating technique is the more practical method of calibration for the velocity and shear probes.
The oscillating calibration stand consists of a vertical pipe containing the test fluid. The pipe is 100 cm long with an internal diameter of 1.27 cm. Access ports with silicone rubber seals are placed at mid-length along this pipe for insertion of the probes. A variable-frequency sinusoidally driven piston is placed at the lower end of the pipe. This piston is physically isolated from the blood by a chamber of oil and a teflon membrane. The pipe containing the blood is immersed in a thermal bath which is maintained at the same temperature as the animal under study. Careful temperature control is important to avoid baseline drift and change in sensitivity.
Since the velocity field of an oscillating column of Newtonian fluid in a rigid pipe is well known from numerous analytical and experimental studies (7) , one can utilize this knowledge to establish an absolute calibration for the probes. It has been found that the velocity field wrthin an oscillating column of fluid can be predicted accurately provided one remains more than 20 pipe diameters from either end of the pipe, and limits the piston excursion to less than 10 pipe diameters.
The velocity probes are calibrated in the centerline of the pipe against calculated centerline fluid velocity. The relationship between centerline fluid velocity, U c , and the known piston velocity U sinwt, which is monitored, can be obtained from the following equation : 
wherein r 0 is the pipe radius and v is the kinematic viscosity of the test fluid. In Figure 3 , |U C /U| is plotted as a function of a. Thus, knowing the values of a and tl the centerline velocity can be found. A four-point calibration is generally used to check the linearity and sensitivity of the anemometer. The output signal from the anemometer is in the form of a rectified sine-wave since the output of the device is always positive for either a positive or a negative direction of flow (Fig. 4 ). In the present device, the stroke of the piston pump was kept constant at 5.75 cm. Thus, the peak piston velocity is uniquely related to the rotating frequency of the pump, and is given by tl = 18f cm/sec, where f is the pump frequency in cycles per second. In practice, r 0 and v are known and kept constant; hence, from equation 2 and the plotted curve of equation 1 in Figure 3 one can construct a nomogram as shown in Figure 4 . In this figure the signal output is plotted on the ordinate against the peak centerline velocity, U c , on the abscissa. For convenience the corresponding frequency for this particular pump using blood is also plotted on the abscissa as the lower (nonlinear) frequency scale. Calibration is done at 1, 2, and 4 cps. The nadir value of the signal of f = 1 cps corresponds to zero velocity. The linearity control and gain control are alternately adjusted to that the peaks of the rectified velocity waves corresponding to each frequency fall as near to the line of identity on the nomogram as possible. The device is then ready for use.
A small shift in the zero levels of the rectified waves can be noted at different pumping speeds. Moreover at velocities less than 2 cm/sec, the relationship between velocity and voltage signal becomes nonunique showing slight hysteresis and nonlinearity. These A typical calibration curve and recording of rectified sinusoidal velocity waves.
lower frequencies, as the flow changes direction, the simple forced-convection mode of heat transfer no longer holds; the heat transfer passes from a state of forced convection to conduction, to free convection, and then back to forced convection. At the higher frequencies some turbulence and secondary flow may also exist during this period. Both of these effects were minimal around 1 cps in the present calibrator; thus, permitting the crossover point at 1 cps to be used as a "zero flow" point as shown in Figure 4 . The shear-sensing probe was calibrated in an exactly analogous manner. The velocity gradient at the wall of a long cylindrical tube containing a column of Newtonian fluid is given by
Oil To sin(a> wherein r is the radial distance from the centerline, the subscript r 0 indicates the value Circulation Research, Volume XXIII, December 1968 of the function at the wall, and 0 is the phase angle of the velocity gradient with respect to the piston velocity. All of the other quantities are as defined earler. Equation 3 is plotted as a function of a in Figure 3 . A nomogram can be constructed from equation 3 in a manner exactly analogous to that for the velocity calibration. Linearization can be accomplished from a four-point calibration in the same manner as described above. It was found that the sensitivity of both of these sensors is related to the hematocrit content of the blood. The output sensitivity tends to decrease with an increase in hematocrit. Tentative measurements of the hematocrit distribution across the aorta have revealed no variation. However, at a zone close to the wall of the blood vessel, the blood cells may tend to migrate radially inward due to the effect of the large velocity gradient in this region. For the present study, it is assumed that a small variation of the hematocrit content near the wall does not affect the measurements. Also by using the blood taken from the same dog under study for calibration, the error due to the difference in hematocrit con-tent and unknown fluid properties is minimized.
EXPERIMENTAL STUDIES
The foregoing principles of operation and calibration procedures of the anemometer were based on theoretical considerations which are generally accepted but nevertheless depend on a number of assumptions and approximations which may be questioned. Therefore, it is necessary to challenge this device experimentally to determine the extent to which the foregoing inferences are valid. It is the purpose of the balance of this report to describe a variety of studies which were designed to test the accuracy, limitations, and applicability of this device for hemodynamic measurements.
OSCILLATORY FIELDS IN RIGID CIRCULAR CONDUITS
The flow probe was calibrated against the centerline velocity in the flow oscillator as described above. Using this calibration, it is of interest to explore the detailed velocity distributions across the rest of the velocity field. The predicted velocity distribution for a sinusoidal flow in a circular rigid conduit is given by U(r,t)_,
J o (-«i 3 y 2 )-J o (ai 3 / 2 )

(4)
where U c sinwt is the centerline velocity, U(r,t) is the velocity located at a distance r from the center at time t, ^ is the phase angle between U and U c , and the remaining quantities are as defined earlier with regards to equation 3. Equation 4 will be used to calculate the theoretical velocity distributions across the conduit for any chosen value of the frequency parameter a against which meassurements may be compared. A typical set of such velocity profiles for a = 10 at various values of cot is shown in the upper half of Figure 5 as the smooth solid curves. The positive half of the velocity profiles are identical to the negative half and hence they were plotted together. The phase periods cot for the corresponding negative profiles are indicated in parentheses. The corresponding values measured by the velocity probe appear as the clusters of points that may be seen in the vicinity of these smooth curves. The crosses represent data when canine blood was used and the solid circles when a glycerin-water mixture having about the same kinematic viscosity as blood was used. Another set of computed velocity profiles and their corresponding data for the case of a = 1.0 is shown in the lower half of Figure  5 . Pure glycerin has to be used to achieve such a low value of a. In this case almost all of the velocity profiles are nearly parabolic in form. The close agreement between observation and prediction in these two sets of data is obvious. Moreover, comparison of the canine blood and glycerin-water data in the upper part of Figure 5 suggests that blood behaves essentially as a Newtonian fluid at least for values of a in the range of 10.
A more comprehensive view of the over-all system behavior is presented in Figure 6 Modulus and phase angle of oscillatory flow profiles in a rigid tube.
distances from the centerline. The corresponding experimental data, in which a extended over the range from 1 through 14, appear as the discrete points near these curves. The crosses are for blood, the solid circles for a glycerin and water mixture having nearly the same kinematic viscosity as blood, and the solid triangles at a = 1 are for pure glycerin.
Here again the close agreement between observation and prediction lends strong support for the validity of the velocity-sensing device on the one hand, and the use of the flow oscillator as a calibrating device on the other, for both glycerin and blood. The wall-shear probe was also tested over a wide range of the a parameter. It will be recalled that this particular device is calibrated by assigning the value of the shearing stress modulus calculated from equation 3 to the indicated signal using the graph in Phase angle between the oscillating mean flow wave and the velocity gradient wave at the wall as function of the a parameter. responding according to theory. A plot of the values of $ predicted from equation 3 appears as the smooth curve in Figure 7 . The corresponding measured data appear as the solid circles and crosses for the glycerin-water and blood studies, respectively. Although there appears to be reasonable agreement between observation and prediction, it does not appear to be as good as for the velocity probe studies. These measurements tend to be quite sensitive to distortion in the assumed sinusoidal flow field. Since it is not possible to generate extremely pure sinusoidal flow waves with the present flow oscillator, it will not be possible to resolve this discrepancy at this time. In any event, the ordinate error does not appear ever to exceed 10% which is quite acceptable for physiologic applications.
STEADY-FLOW FIELDS IN RIGID CIRCULAR CONDUITS
A special test stand was built to study steady, fully developed laminar flow in rigid circular conduits. The test section consisted of a piece of precision glass tubing, 1.27 ± 0.001 cm i.d. and 250 cm long, with access ports for insertion of various sensing probes at the downstream end. A stilling chamber and an inlet transition piece were placed upstream from the test section. A precision orifice meter, and a variable-speed recirculating pump were placed below the test section. A constant-temperature bath was provided for maintaining the blood in the test system at physiologic temperature. According to classical laminar inlet-transition theory, the above system had an inlet-transition parameter of xv 175" >a25 > where x is the distance from the inlet, which means that the velocity profiles approach those of fully developed Poiseuille flow at the test station (8) .
When thermal equilibrium and steady flow were achieved, the velocity distribution at the test station was explored using the previously calibrated velocity probes. Different glycerin mixtures, as well as blood, were studied. Typical velocity profiles taken at the same distance of 200 cm from the inlet for three different flow levels are shown in the upper part of Figure 8 for blood having a hematocrit of 36%. Note that at a low flow rate representing a Reynolds number of 300 based on mean flow velocity, the flow profile is nearly parabolic in shape (marked in crosses). At the two higher flow rates of Reynolds numbers, 490 and 680, the velocity profiles deviate somewhat from the parabolic distribution. Similar results were obtained using glycerin mixtures instead of blood. The total flow obtained by integration of the profiles agreed with the flow measured by the orifice meter in all cases. The results for the three particular blood velocity profiles are shown in the lower portion of Figure 8 . The data points fall just slightly below the line of identity. Since the orifice meter depends not only on a totally different calibration but also on a totally different principle, one can conclude that the velocity probe is sensing accurately the true velocities. It follows that the deviation from a truly parabolic distribution is also real, and one can conclude that for Reynolds numbers greater than 300 the development of a parabolic velocity distribution in a circular tube, or for that matter in a blood vessel segment, depends on factors other than those considered in the simple theories of steady laminar flow. Stated differently, at Reynolds numbers in excess of 300, factors such as small flow instabilities cannot be avoided Steady-flow profiles in a long glass tube using blood. The value of viscosity was calculated from the velocity and pressure gradient.
under normal conditions and hence the full development of a parabolic velocity profile either in a model or in arteries is not to be expected. Since measurements with the Newtonian glycerin mixture having the same flow parameters as blood also shows the same velocity-profile characteristics, the observed facts are not caused by the non-Newtonian behavior of blood. Finally, as a purely practical consideration one concludes also that the use of a steady-flow type calibrator for the velocity probes is impractical, since one cannot be sure of the predicted centerline velocity or the velocity gradient at the wall.
VELOCITY FIELDS IN LIVING VASCULAR SYSTEM
Velocity fields in the aorta of mongrel dogs and pigs weighing from 17 to 50 kg were studied following thoracotomy under morphine and chloralose anesthesia. Five channels of analog information were recorded simultaneously on FM tape for subsequent data analysis. These were the ECG signal, aortic root pressure, the velocity signal from a stationary monitoring probe, the velocity signal from the exploring velocity probe, and the flow signal from an electromagnetic flowmeter probe. The exploring probe was placed 2 cm proximal to the electromagnetic probe, and the stationary probe was set approximately 12 cm distal to the electromagnetic probe. A few of these studies were selected for presentation to demonstrate the wide varieties of flow waves and profiles observed under different physiological conditions. One such study in which widely oscillating flow patterns were observed is presented in Figure  9 . The data appearing in this figure were obtained over several hundred heart beats during which time the exploring probe was gradually passed across the lumen of the aorta in small incremental steps. At each position, beats were selected (using the signal from the stationary monitoring probe) in which the mean deviation of velocity over the beat as me an de viation of ve locity over the beat were within 5% of the mean. Thus, although the information was collected over a finite period of time, the selected beats could be considered "simultaneous." The cardiac period, T, was then nondimensionalized to go from T = 0 to 1.0, and the velocity on each of the velocity versus normalized time curves was read off at small increments of T. These were averaged to obtain a time average velocity wave for each location across the lumen. These velocity data were further normalized by the peak centerline velocity, and the result was replotted as the family of curves appearing in the lower portion of Figure 9 , representing the instantaneous velocity profiles in the vessel at various instants throughout the cardiac cycle. In addition, each velocity profile was also integrated across the vessel lumen to yield the instantaneous discharge, q, which is plotted as the smooth solid line in the upper portion of the figure. The corresponding electromagnetic flowmeter probe signal is plotted as the dashed line. "Zero flow" was obtained by transient occlusion of the vessel. Several things are immediately apparent: in the first place there is fair agreement between the electromagnetic flowmeter curve and the flow curve obtained through integration of the measured velocity profiles. Secondly, the electromagnetic flowmeter shows a time delay (9) of about 0.01 seconds. Thirdly, the velocity profiles appear to be blunt throughout the entire heart period. The data presented i n Figure 9 was selected to demonstrate flow profiles for an extreme flow condition in the descending aorta. A more usual case is represented by the data in Figure 10 , in which one again sees blunt velocity profiles throughout the cardiac cycle. One also finds fair agreement between the electromagnetic flowmeter signal and the integrated velocity profile data except that the electromagnetic flowmeter signal is displaced downward. The dotted curve in this figure represents the integrated velocity discharge-wave when the electromagnetic probe which was placed distal to the hotfilm probe was removed. The constraining effect of the electromagnetic flow probe on the discharge waveform is clearly demonstrated.
In general, the recorded velocity waves along the whole aorta were free of fully developed turbulence. Only occasional eddies during the period of deceleration were observed. An example of turbulent flow of significant intensity is shown in Figure 11 . This form of turbulence was seen more frequently in the aortic arch of animals weighing less than 30 kg.
In several animals the centerline velocity and wall shear were measured simultaneously at the same cross section. Data from one of these appear in Figure 12 . Note that the wall shear stays positive at all times. Although the shapes of the wall shear and velocity waves are similar, the wall shear reaches a peak sooner and decreases more rapidly thereafter.
The nondimensional peak velocity gradient, U/U c /r/r 0 , at the wall calculated from these data has a value between 15 to 18 and a mean velocity gradient of 3 to 4. In absolute magnitude, the velocity gradient increases downstream with peak intensity varying from 2,000 to 4,000 per second and a mean of 400 to 800 per second. With a viscosity for blood of 0.04 poise, the corresponding peak wall-shear stresses are 80 to 160 dynes/cm 2 . It is important to note that the acute yield Simultaneous recordings of the wall-shear and the centerline velocity at the descending, aorta of a dog.
stress for the endothelial cells is only about three times more than these values.
Conclusion
1. The heated-film blood-velocity and wallshear probes accurately detect the intended variables provided the probes are calibrated in the dynamic calibrating device as described earlier, with the same fluid and temperature as used experimentally.
2. Comparison of flow profiles of blood and water-glycerin mixtures under a wide variety of conditions indicates that blood behaves essentially as a Newtonian fluid at least in vessels of the size of larger arteries.
3. The use of both the velocity probe and the shear probe in the in-vivo system is feasible and yields results which are consistent with simultaneously recorded electromagnetic flowmeter data.
4. The peak wall-shear stress in the in-vivo aorta was found to be about one-third of the acute yield stress of endothelial cells. This would indicate that extreme care is required in the design of various prostheses for the circulatory system in order to keep the wallshear stress low enough for successful estab-lishment of endothelial cells over the newly formed fibrin surfaces.
